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TECHNICAL FIELD OF THE INVENTION 

This invention relates in general to the field of semiconductors and more particularly to an improved method for sil- 
icon oxide etching which uses anhydrous hydrogen fluoride gas, hydrogen chloride gas, ozone, or mixtures thereof con- 
tacted with liquid water as a rinse for trace oxide removal. 

BACKGROUND OF THE INVENTION 

Silicon wafers may be used for the production of semiconductors. A silicon wafer may be oxidized to form a silicon 
dioxide (c) layer on the silicon wafer. Then, alt or selective portions of the Si0 2 layer are removed via etching to expose 
the silicon wafer therebelow. The etching of the Si0 2 may be accomplished by a variety of processes Including those 
which include immersion in an aqueous hydrogen fluoride (HF) add solution and contacting a wafer with a mixed anhy- 
drous HF gas and water vapor etchant. 

Following etching, the manufacturing of the semiconductor is completed by additional processes including proc- 
esses which add a layer(s ) to the etched silicon wafer, such as thin film deposition or growth processes. Interfacial oxide 
or other contaminants remaining on the exposed slicon portion of the wafer is detrimental to the subsequent thin film 
deposition or growth process and reduces the quality of the semiconductor produced. 

Maintaining a clean ambient environment during the manufacturing of semiconductors is of utmost importance in 
maintaining the overall quality of the finished product Problems, including the subsequent formation of oxide on an 
etched silicon surface and contamination of the wafer, are encountered when the wafer is moved from one piece of 
manufacturing equipment to another to complete various processing steps, as this may expose the wafer to air or other 
contaminants. 

Following etching, it is often desired to rinse the etched wafer to remove the etchant and by-products of the etching 
process. Known etchm'nse processes include the immersion of the wafer Into a HF acid solution as an etch step, fol- 
lowed by immersion in water as a rinsa These immersion steps necessitate the moving of the wafer from one piece of 
processing apparatus to a separate processing apparatus, which introduces the possibility of subsequent oxide forma- 
tion or other contamination of the etched silicon surface. 

U.S. Patent No. 5,169,408 to Biggerstaff, et al. discloses a wafer processing apparatus having an etching chamber 
which provides for a rinsing phase in which deionized water is directed onto the upper surface of a rotating wafer. How- 
ever, an extended water rinse may cause oxidation at a silicon surface due to several factors, including the deionized 
water having dissolved oxygen therein, the water thus acting to cause oxidation of the silicon surface, and the water 
wash may move suspended silicon oxide onto the etched silicon surface. Thus, an extended water rinse is not desired 
as it may form additional oxide, subsequent to the etching process, on the etched silicon surface. With this discussed 
process, for a suitable oxide free etched silicon surface, it is required that an otherwise unde6ired final oxide removal 
process, such as another etch process, be provided after the rinse. 

SUMMARY OF THE INVENTION 

Accordingly, a need has arisen for a silicon oxide etching process which provides for removing trace oxide from the 
etched silicon surface. Additionally, a need has arisen for a semiconductor manufacturing technique which allows the 
etching, rinse and stlaaaufl nj processing steps to be completed in connected processing chambers to avoid moving 
the wafer from onjtpiece of processing equipment to a nother which may resutt in subsequent oxide formation on the 
etched silicon surface or other contamination of the etched silicon surface. Further, a need has arisen for a cleaner 
etched silicon surface to provide improved subsequent processing steps, Improved production rates, and higher quality 
semiconductors. 

In accordance with the present invention, a method for removing trace oxide from the surface of a silicon wafer is 
provided that significantly reduces the amount of oxide and other contaminants on the surface of a silicon wafer as com- 
pared with known methods. The present invention provides a semiconductor manufacturing technique which allows the 
etching, rinse and subsequent processing steps, including thin film deposition or growth processes, to be completed in 
connected or clustered processing mocfoles or chambers to ensure a clean ambient environment is maintained. The 
removing of trace oxide and other oontaminants from the etched silicon surface provides for improved subsequent 
processing steps, improved production rates, and higher quality semiconductors 

The method includes etching a silicon wafer with a mixture of hydrogen fluoride gas and water vapor. The etched 
wafer is spun and rinsed Ifr condu^jg gji stream of deionized liquid water onto, the spinning wafer anJSnfacWg iW 
water with a gas^sejecJecffilfiaSbx* us hydr gen fluorid gas, hydrogen chloride gas, ozon , and mixtures thereof 
such that at least some of the gas is absorbed into the water. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention and the advantages associated therewith may be acquired 
by referring b the accompanying drawing wherein: 

FIGURE 1 is a simplified cross-sectional diagram of a cluster tool compatible module suitable for conducting the 
inventive method. 

DETAILED DESCRIPTION OF THE INVENTION 

In semiconductor manufacturing, various methods are known to etch or otherwise remove silicon oxide and other 
contaminants from the surface of a silicon wafer. It is desired to provide an etched silicon surface which is free of oxide 
and other unwanted contaminants. The present invention provides a method for silicon oxide etching which uses a gas 
selected from anhydrous hydrogen fluoride (HF), hydrogen chloride (HCQ, ozone, and mixtures thereof, contacted with 
liquid water as a rinse to complete the etching process and provide an etched silicon surface which has a significantly 
reduced level of oxides and other contaminants. This cleaner etched silicon surface provides lor improved subsequent 
processing steps, including a lower temperature epitaxial silicon growth step, and a higher quality semiconductor. 

The terms "silicon oxide" and "silicon oxidation", as used herein, refer to oxidation which occurs in any way, inten- 
tionally or unintentionally, including thermal oxidation, i.e., heating the wafer in the presence of oxygen, chem ical oxida- 
tion, i.e., oxidation occurring as a result of a chemical reaction, and native oxide. 

The present invention includes an anhydrous HF gas and water vapor etch process, the etching process bBing 
completed by a rinsing step which includes conducting a stream of deionized liquid water onto a spinning wafer with 
anhydrous HF gas, HCI gas, ozone, or mixtures thereof being present and contacting the water, such that the water 
stream abspifessgm e of the gas thus becoming an acid so lution. This acid solution contacting a horizontally spinning 
etched silicon surface removes trace oxide and other contaminants present at the etched silicon surface to complete 
the etching process. This provides a cleaner etched silicon surface, free of oxides and other contaiWnants, as com- 
pared with the known processes for etching. 

Also, the present inventive method is particularly applicable for use in cluster tool semiconductor manufacturing 
equipment A duster tool apparatus generally includes a robotic handler located on a platform, with various modules or 
chambers connected to the platform. The cluster tod equipment is designed for processing single silicon wafers and 
does not use a wafer carrier in the processing modules. The robotic handler transfers the single sifcon wafers between 
Ihe various modules, with the modules being designed to perform certain processes upon the silicon wafer. The plat- 
form has a vacuum loadlock with a nitrogen (N^ purge, and the modules are connected and sealed to the platform in 
a way which maintains the clean ambient environment of the equipment. Thus, the silicon wafer can be transferred from 
one processing step to another within the cluster tool equipment without subjecting the wafer to air, including clean 
room air, or other environments which could cause oxidation of the silicon surface or introduce other contaminants onto 
the silicon surface. One such cluster tool equipment supplier is FSI International, Inc. (Chaste, Minn.) which markets a 
duster tool apparatus under the trade name EXCALIBUR. 

The present inventive method, by providing a cleaner etched silicon surface, also provides for improved subsequent 
processing steps, and In particular, a lower temperature epitaxial silicon growth process which provides for a fester and 
lower cost semiconductor manufacture. 

FIGURE 1 is a simplified cross-sectional diagram of a duster tool compatible module 10 suitable for conducting the 
inventive method. The module 10 indudes a deionized water input port 11, an anhydrous HF gas input port 12, and a 
water removal port 13. The module 10 indudes a chuck 14 which spins as indicated and is suitable for holdng a silicon 
wafer 15. The mocfcle 10 further Indudes a distributor 16, such as a membrane, located above the silicon wafer 15, to 
evenly distribute the anhydrous HF gas within the lower section of the module 1 0. 

In operation, a silicon wafer 15 is placed upon chuck 14 within module 1 0 and an anhydrous HF gas is introduced 
through port 12 with introduce d water vapor (water vapor port not shown), and the wafer 15 is etched In a way as is 
known to those of skil in the art. To complete the etching process, a da onized liquid wate rrngn s frfflm « intr^nroH ~" r 
through water inp ut port 11 and diverted to the upper surface o f wafer 15. Simultaneously, a gas selected from the 
group of anhydrous HF gas, HCI gas, <Mone, and mixtures thereof is introc fcged through port 12. Pr eferably, anhydrous 
HF gas is used. Some of the gas is dfibrbed into the deio nized w ater, forming an acid solution. This acid sdution 
serves to complete the etching process and removes trace oxide and other contaminants from the etched silicon sur- 
face of silicon wafer 15. This process also rinses the oxides and other contaminants away from the upper su rface of sB- 
ioon wafer 15. ~A 
This rinse step may be controlled to meet the desired results by adjusting the rinse time , the spin rate andfor the/ If 
water fl ow rate. Ab o, nitrogen may b added with the gas as a way of controlling the gas tofteengatiOrl f ^o/: L 
defending upon ihe desired results, it may be advantageous to dose the anhydrous HF gas port 12 prior to stopp \m ' 
the deionized liquid water flow. This may be advantageously done to sweep away the HF acid solution to quickly sto0 
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the etching process. For exampl& where a layer of thermal oxide has been intentionally formed and a mask is used in 
the etching process, it may be helpful to quicWy stop the etching process so that oxide will not be removed from those 
places where it is desired to remain. However, any water rinse without anhydrous HF gas being present should be kapt 
as brief as possible to prevent undesired oxidation at the etched silicon surface. 

An extended water rinse may cause oxidation at a silicon surface due to several factors, including the deionized 
water having dissolved oxygen therein, the water thus acting to cause oxidation of the silicon surface, and the water 
wash may move suspended silicon oxide onto the etched silicon surface. Thus, an extended water rinse is not desired 
as it may form additional oxide, subsequent to the etching process, on the etched silicon surface. 

The following operating parameters have provided a suitably clean etched silicon surface: water flow rate of 450 
cc/rnin directed at the upper and lower surfaces of silicon wafer IS; an anhydrous HF gas flow rate of 500 stand, cc/min 
(upper), 240 stand, cc/min (lower); the rinse step occurring fa 10 seconds with the anhydrous HF gas being supplied 
for the first 6 seconds with the anhydrous HF gas Input port 12 shut off for the last 4 seconds. "Dual side" processing, 
cleaning b oth the upper andjgy jeuiuriaces, may be desired, as not cleaning the lower surface may detract from 
the semiconductor's quality due to impurities which may migrate overtime within the semiconductor or cause contami- 
nation during subsequent processing steps. Other experiments have found that the anhydrous HF gas should flow for 
the entire rinse processing step. 

Upon completion of the rinse processing step, the chuck 14 and silicon wafer 15 are allowed to continue spinning. 
Since the silicon wafer 15 has a hydrophobic surface, the centrifugal force of the spinning wafer 15 serves to spin off 
the HF acid solution from the upper surface and sides of the silicon wafer 15. This HF acid solution is removed through 
exit port 1 3. Nitrogen may be added to further dry the silicon wafer 1 5. After the drying step is complete, the duster tool 
robotic handler transfers the silicon wafer 15 to another module for subsequent processing steps. 

After the etching step is complete, i.e., the silicon wafer 15 is etched^jdnjep^n^ 
steps, including pofysilicon addition, silicon nitride addition, epitaxial silicon growthTmetal f im depositionTsflicw 0x5^ 
tion and/or oxide film deposition, may be performed to complete the semiconductor manufacture. 

With known etching processes which leave more oxide and other contaminants, such as carbon and fluorine, at the 
etched silicon surface than the present inventive method, for epitaxial silicon growth, the previously known processes 
were required to remove the additional undesired oxide prior to the epitaxial silicon growth. For epitaxial silicon growth 
with prior etching methods, the silicon wafer was pre-baked in a hydrogen containing atmosphere, such that the hydro- 
gen would react with the oxide at the etched silicon surface to remove the oxide. The pre-bake temperature required to 
remove sufficient trace oxide prior to the epitaxial silicon growth process was significantly above the required decom- 
position temperature for epitaxial silicon growth as discussed below. The pre-bake process for trace oxide removal is 
time and temperature dependent, with a higher temperature requiring a shorter period and a lower temperature requir- 
ing a longer period, rt had been found that a pre-bake which maintained a temperature of about 900*0 tor about 5 min- 
utes or a temperature of about 1200*0 for about 10 seconds provided a suitably clean etched silicon surface for 
epitaxial silicon growth. 

Epitaxial silicon growth generally involves the thermal decomposition of a silicon source gas, typically in a hydrogen 
ambient, such that a layer of silicon from the source gas grows on the wafer. It is desired that the silicon be deposited 
in perfect alignment with the underlying wafer, i.e., that the deposited silicon have the same structure and crystal orien- 
tation as the underlying wafer. The presence of oxide or other impurities prevents the desired perfect alignment, causing 
local defects in the crystalline structure which are perpetuated throughout the epitaxial siOcon film, resulting in stacking 
faults or dislocations. The pre-bake step was required with prior etching methods to remove trace oxide and other con- 
taminants to prevent these defects. K has been determined that an undetectable level of oxides measured at the etched 
silicon surface by secondary ion mass spectroscopy (SIMS) provides a suitably clean etched silicon surface for epitaxial 
silicon growth. 

The silicon source gas may be any suitable gas, including disilarte (SigHe) silane (SiH^, dichlorosilane [SiHa cy 
trichlorasilane JSiHCy and silicon tetrachbrine (SiCUHgases listed In order of increasing decomposition temperature 
with disilane having a decomposition temperature of about 850*0. 

With the present inventive method's cleaner etched silicon surface, the epitaxial silicon growth process may occur 
at a temperature as determined by the decomposition of the silicon source gas, and the high temperature hydrogen pre- 
bake is not required to remove the undesired oxide. This lower temperature significantly reduces the time required for 
the epitaxial silicon growth process, and thus, significantly increases semiconductor production rates. 

Additionally, the inventive process, by negating the need for the pre-bake process, allows the semiconductor fea- 
tures to be smaller and/or closer together. In semiconductor manufacturing, a thermal budget, I.e., a time-temperature 
relationship, is set to ensure that doping present does not diffuse from its desired locations) to an undesired location(s). 
Thus, eliminating the time and temperature of the pre-bake provides for let* diffusion which allows for smaller and/or 
closer spaced features. The inventive process, by eliminating the pre-bake. provides a desired sharp transition between 
features produced on a wafer. 
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EXAMPLE 1 



An experiment was conducted to determine the level of silicon oxide removal at an etched silicon surface compar- 
ing the method of the present invention with known methods. 

5 



Silicon Surface* 


Pflreent Oxygen at Avg. 


PWCriPfon 




Immersion in an HF solution as the etching step; immersion in water as a rinse; Nj dry. 


2.7% 
0.8% 


Anhydrous HF gas and H 2 0 vapor etch; water rinse while spinning; spin dry. 


6.5% 
0.6% 


Inventive process - HF gas and HjO vapor etch; liquid water contacted with anhydrous 
HF gas rinse while spinning; spin dry. 


1.4% 
0.6% 



* As determined via X-ray photoelectron spectroscopy (XPS). 

20 



EXAMPLE 2 

An experiment was conducted to determine the effect of clustered versus non-clustered manufacturing techniques 
upon the oxygen present at a polysiJicon/silicon interface. 



30 


Description 


Oxygen al Polysilicon/Sili- 
con Interface" 






Clustered 


Atoms/cm? 


35 


HF gas and H20 vapor etch; liquid water rinse while spinning; spin dry; polysilicon 
deposition. 


Yes 


1.65E+14 


HF gas and H20 vapor etch; liquid water contacted with anhydrous HF gas rinse while 
spinning; short H20 liquid rinse while spinning; spin dry; polysilicon deposition. 


Yes 


8.70E+13 




HF aqueous solution immersion etch; immersion water rinse; nitrogen dry; polysilicon 
deposition. 


No 


1.28E+14 



* As determined via secondary ton mass spectroscopy (SIMS). 



As can be seen, the method of the present invention utilizing clustered equipment provides the lowest level of oxy- 
45 gen at the polysilicon/silioon interface. 

EXAMPLE 3 

An experiment was conducted to determine the level of oxygen and other elements present at the interface of an 
so epitaxial layer of silicon grown on a sificon substrate prepared by the methods shown. The analysis was conducted 
through the grown silicon epitaxy layer by a technique known by those with skill in the art as secondary ion mass spec- 
troscopy (SIMS). Contaminants, if not removed, reside at the Interlace between the epitaxial silicon layer and the silicon 
substrate, and can be quantitatively characterized. 
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Description 


Oxygen Atoms/cm 2 


Carbon Atoms/cm 2 


Fluorine Atoms/cm 2 


HF aqueous solution etch; immersion wat r 
rinse; nitrogen spin dry; epitaxial growth of 
silicon/ 


5.0E+13 


1.6E+12 


2.6E+1Q 


HF gas and H20 vapor etch; liquid water 
contacted with anhydrous HFgas rinse while 
spinning; spin dry; epitaxial growth of sili- 
con.* 


No Peak 


No Peak 


No Peak 



* No pre-bake; thermal decomposition ol dicWbrosilana at B50^C. 



The present inventive method has significant advantages over the prior art Since the present method may be uti- 
lized in a cluster tool apparatus which improves ambient environmental control between processes, it prevents contam- 
ination via air, oxygen, water vapor or other contaminants which could cause oxide or contamination at the etched 
silicon surfaca Also, since the spinning wafer 15 spins off the HF acid solution within the module, this improves operator 
safety by avoiding the risk that HF immersion processes pose to operator safety when used without a final water rinse. 
Further, the present inventive method is more effective than known HF gas and water vapor etch processes at removing 
trace oxide from the etched silicon surface prior to thin film deposition or growth processes. Still further, the improved 
removal of oxide and surface contaminants from the etched silicon surface allows a reduction in the silicon epitaxial 
growth temperature which results in improved semiconductor production rates. Additionally, elimination of residual 
oxide from the surface of a conducting film or substrate lowers the contact resistance between such a conducting layer 
and a conducting film subsequently deposited (on top of it). 

Although the present Invention has been described in detail, it should be understood that various changes, altera- 
tions, and substitutions may be made to the teachings herein without departing from the spirit and scope of the present 
invention. 

Claims 

1 . A method of producing a semiconductor device from a silicon wafer having silicon oxide, comprising: 

selectively removing at least a portion of the silicon oxide with HF gas and HgO vapor etching; and 
rinsing the etched wafer by conducting a stream oUgjgnjz^j^fllfiL ^to the wafer and contacting the deionized 
waterwift a gas selected from the group comprising anhydrous HFgas, HCI gas, ozone, and mixtures thereof 
to absorb at least some of the gas into the deionized water. 

2. The method of Claim 1, wherein the rinsing step comprises conducting the stream of watworrtoji^^ 

3. The method of Claim 2, wherein the step of spirwinitlbftwjfer^om^ spinning the wafer in a horizontal plane. 

4. The method of any preceding claim, further comprising the step of: 

following rinsing, continuingspi nnina the wa fer to remove, by centrifugal force, at least some of the water with 
absorbed gas. "~ 

5. The method of any preceding claim, further comprising the step of; 

contacting the rinsed etched wafe rwith nitrogen ga s to dr y the wafer. 

6. The method of any preceding daim, further comprising the step of: 

former processing the rinsed etched wafer ty a process selected from the group comprising polysilicon addi- 
tion, silicon nitride addition, epitaxial silicon growth, metal film deposition, silicon oxidation and oxide film dep- 
osition. 

7. The method of any preceding claim, further comprising the steps of: 
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contacting the rinsed etched water with a 6iicon source gas; and 

heating the silicon source gas to a temperature ol not more than about the thermal decomposition temperature 
of the source gas t cause epitaxial siicon growth on the wafer. 

8. The method of any preceding claim, further comprising performing the steps of HF gas and Hfi vapor etching and 
rinsing within a cluster tool compatible module, and 

transferring the rinsed etched wafer to at least one additional duster tool compatible module for further 
processing, the cluster tool providing a clean ambient environment for the wafer during the transferring step. 

9. The method of any preceding claim, further comprising performing the rinsing step with an anhydrous HF gas. 

10. A semiconductor produced by a process comprising: 

selectively removing at least a portion of silicon oxide from a silicon wafer with HF gas and HgO vapor etching; 
and 

rinsjngihe^fctae^ rorKiuqing^rstreaffl^tjej pniied water onto the wafer a DdcontactingJha deionized 
water wfthAflas*ele€*ed 4r o m thfl orm KLComorisino anhydrous HF pas. HCI gas, ozone, and mixtures thereof 
toaKorb at least some of the gas into the deionized water. 

11. The semiconductor of Claim 10, wherein the rinsing step comprises (arriuctinjtfie^tream of waterontoa spinning 



1 2. The semiconductor of Claim 1 1 , wherein the step of spinning the wafer comprises spinning the wafer in a horizontal 
plane. ^ ■ 

13. The semiconductor of any of Claim 10 to 12, wherein the process further comprises the step of: 

following rinsing, spinning the wafer to remove, by centrifugal force, at least some of the water with absorbed 
gas. 

14. The semiconductor of any of Claims 10 to 13, wherein the process further comprises the step of: 

contacting the rinsed etched wafer with nitrogen gas to dry the wafer. 

15. The semiconductor of any of Claims 10 to 14. wherein the process further comprises thB step of: 

further processing the rinsed etched wafer by a process selected from the group comprising polysilicon addi- 
tion, silicon nitride addition, epitaxial silicon growth, metal film deposition, sifcon oxidation, and oxide film der> 
ositioa 

16. The semiconductor of any of Claims 10 to 15. wherein the process further comprises the steps of: 

contacting the rinsed etched wafer with a silicon source gas; and 

heating the silicon source-gssiaaieTnperature of not more than about the thermal decomposition temperature 
of the source gas to cause epitaxial silicon growth on the wafer. 

17. The semiconductor of any of Claims 10 to 16. further comprising performing the steps of HF gas and H 2 0 vapor 
etching and rinsing within a cluster too) compatible module, and 

transferring the rinsed etched wafer to at least one additional cluster tool compatible module for further 
processing, the cluster tool providing a clean ambient environment for the wafer during the transferring step. 

18. The semiconductor of any of Claim 10, further comprising performing the rinsing step with an anhydrous HF gas. 

19. A method of producing a semiconductor from a silicon wafer having silicon oxtie on an exterior surface thereof 
comprising the steps of: 

etching the silicon wafer with a mixture comprising HF gas and ^0 vapor to produce an etched silicon surface; 
and 

spinning the wafer; and 
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removing trace oxide from the etched silicon surface by conducting a stream of deionized water onto the spin- 
ning wafer and contacting the deionized water with anhydrous HF gas to absorb at least some of the HF gas 
into the deionized water. 

20. The m thod of Claim 1 9, further comprising removing the trace oxide to an undetectable level as measured by sec- 

ndary ion mass spectroscopy. 

21. The method of Claim 19 or Claim 20, further comprising the steps of: 

contacting the etched wafer with a silicon source gas; and 

heating the silicon source gas to a temperature of not more than about the thermal decomposition temperature 
of the source gas to cause epitaxial silicon growth on the wafer. 

22. The method of any of Claims 19 to 21. further comprising performing the etching and removing trace oxide steps 
are conducted within a cluster tool compatible module, and 

transferring the etched silicon wafer after removing trace oxide to at least one actitional cluster tool compat- 
ible module for further processing, the cluster tool providing a dean ambient environment for the wafer during the 
transferring step. 
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